The function of the human cardiac voltage-gated sodium channel Na V1.5 (hH1) is regulated in part by binding of calcium to an EF hand in the C-terminal cytoplasmic domain. hH1 is also regulated via an extrinsic calcium-sensing pathway mediated by calmodulin (CaM) via binding to an IQ motif immediately adjacent to the EF-hand domain. The intrinsic EF-hand domain is shown here to interact with the IQ motif, which controls calcium affinity. Remarkably, mutation of the IQ residues has only a minor effect on CaM affinity but drastically reduces calcium affinity of the EF-hand domain, whereas the Brugada mutation A1924T significantly reduces CaM affinity but has no effect on calcium affinity of the EF-hand domain. Moreover, the differences in the biochemical effects of the mutations directly correlate with contrasting effects on channel electrophysiology. A comprehensive model is proposed in which the hH1 IQ motif serves as a molecular switch, coupling the intrinsic and extrinsic calcium sensors.
The function of the human cardiac voltage-gated sodium channel Na V1.5 (hH1) is regulated in part by binding of calcium to an EF hand in the C-terminal cytoplasmic domain. hH1 is also regulated via an extrinsic calcium-sensing pathway mediated by calmodulin (CaM) via binding to an IQ motif immediately adjacent to the EF-hand domain. The intrinsic EF-hand domain is shown here to interact with the IQ motif, which controls calcium affinity. Remarkably, mutation of the IQ residues has only a minor effect on CaM affinity but drastically reduces calcium affinity of the EF-hand domain, whereas the Brugada mutation A1924T significantly reduces CaM affinity but has no effect on calcium affinity of the EF-hand domain. Moreover, the differences in the biochemical effects of the mutations directly correlate with contrasting effects on channel electrophysiology. A comprehensive model is proposed in which the hH1 IQ motif serves as a molecular switch, coupling the intrinsic and extrinsic calcium sensors.
IQ motif ͉ calmodulin ͉ EF hand ͉ long QT ͉ Brugada M utations in the ␣-subunit of voltage-gated sodium channels (VGSCs) result in a wide variety of genetic diseases (1) (2) (3) . Naturally occurring mutations in the cardiac VGSC hH1 lead to life-threatening arrhythmia syndromes (4) . Some of these mutations cluster in and around an EF-hand calcium-binding site in the C-terminal region of the ␣-subunit, first noticed by Babitch (5) . Experiments have uncovered a critical role for calcium in the regulation of channel function (6, 7) . The ␤-subunit does not play a role in this calcium-dependent behavior (6) . The long QT (LQT3) mutation D1790G (8, 9) disrupts binding of calcium to the EF hand and attenuates calcium-dependent changes to voltage-dependent steady-state channel availability (6) . An IQtype calmodulin (CaM) binding motif (10, 11) has also been identified in the hH1 C terminus just downstream of the EF hand, in the region R1897-S1925 that also encompasses the Brugada syndrome mutation A1924T. CaM has been reported to bind to this IQ motif in a calcium-independent manner (10, 11) , but the functional effect of CaM binding remains debated. The initial report described an enhancement of slow inactivation by the binding of Ca 2ϩ -CaM to the hH1 IQ motif (10) , but others have found no effect of CaM on hH1, although it may modulate other isoforms of the VGSC family (12, 13) . Further complicating the picture is a recent report suggesting that all calciumdependent changes experienced by hH1 are mediated by the extrinsic sensor (CaM) and that calcium does not bind directly to the EF-hand domain (14) .
Results
The intrinsic EF-hand calcium sensor was first demonstrated (6) in the construct E1773-S1920 [hH1-C-terminal domain (CTD)148, Fig. 1a ]. To identify which residues constitute the folded core of the EF-hand calcium-binding domain, two significantly truncated constructs were generated (Fig. 1a) : E1773-I1892 (hH1-CTD120) and E1773-S1865 (hH1-CTD93). The truncations were based on previously published secondary structure predictions (15) and multiple sequence alignment, which predict six helices in CTD148, five in CTD120, and four in CTD93. 15 N-1 H heteronuclear singlequantum correlation (HSQC) NMR spectra of these proteins in the presence of saturating calcium reveal the same downfield-shifted peaks characteristic of the globular core in all constructs ( Fig. 1 b  and c) . The very small differences in signals between spectra are consistent with the extreme sensitivity of the NMR assay to even subtle differences in experimental conditions. Hence, these data show that the folded EF-hand core is contained within the 93 residues of the smallest construct. Binding of calcium to hH1-CTD93 was clearly evident by comparing 15 N-1 H HSQC spectra acquired in the absence [2 mM 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate (BAPTA)] and presence (20 mM CaCl 2 ) of calcium (Fig. 1d) . Similar results were obtained for the longer hH1-CTD constructs. These spectral changes are not induced by magnesium (data not shown). Although the number of signals perturbed is large, the magnitude of these changes is significantly smaller than that seen for a typical calcium sensor such as CaM (16) (17) (18) .
The calcium dissociation constant (K d ) was determined by following changes in signals in the 15 N-1 H HSQC NMR spectra of hH1-CTD93 as calcium was titrated into calcium-free, BAPTA-free hH1-CTD93. The change in a representative peak in the 15 N-1 H HSQC spectrum of hH1-CTD93 is shown in Fig.  1e , from which a K d of 7.5 Ϯ 0.6 mM was determined. The mM binding constant for hH1-CTD93 is well outside the range of calcium affinity expected for a physiologically relevant calcium sensor. This result was not anticipated based on the affinity measured previously for the larger hH1-CTD148 (1.3 Ϯ 1.2 M) (6), which was confirmed by more accurate measurements ( Fig.  1f ; 5.8 Ϯ 0.5 M). Although at odds with studies reported in ref. 14**, M calcium affinity is fully consistent with our previous report and confirms our previous proposal that the EF-hand domain can serve as an effective calcium sensor.
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To test whether the sixth helix serves to tune the calcium affinity of the EF-hand domain, a 31-residue peptide containing the IQ-motif region of hH1 (R1897-S1925) was generated. This peptide was used for NMR studies of interaction with hH1-CTD93 in the absence and presence of calcium (Fig. 2) . In both cases, the addition of the peptide to a solution of hH1-CTD93 caused selective broadening and͞or shifting of a significant number of signals, indicating the peptide binds. Remarkably, many peaks that change upon the addition of peptide are also peaks that shift upon the addition of calcium. Moreover, the spectrum of CD93ϩIQ peptide is very similar to that of CTD148.
Thus, the IQ motif that mediates the interaction with CaM also appears to play a role either in direct chelation of the calcium ion or in stabilizing the conformation of the EF-hand domain required for calcium binding.
The role of the IQ motif in calcium binding by the intrinsic calcium sensor was explored further by analyzing two IQ-motif mutations: the naturally occurring proarrhythmic mutation A1924T and the IQ-knockout mutation I1908A͞Q1909A (IQ͞ AA), which has been shown to disrupt CaM interactions (14) . The mutations were introduced into full-length GFP-linked hH1, another hH1-CTD153 construct (five residues longer than hH1-CTD148 so as to incorporate A1924T), and the IQ-motif peptide for electrophysiological and biochemical characterization. The structural integrity of wild-type and mutant hH1-CTD153 proteins was verified by 15 N-1 H HSQC NMR, which confirmed the presence of the same globular fold as hH1-CTD148 (Fig. 5 , which is published as supporting information on the PNAS web site). The calcium affinity of wild-type CTD153 measured by intrinsic Trp fluorescence is 15 Ϯ 5 M (Fig. 1g ), similar to, although slightly weaker than, that measured for hH1-CTD148. The mutations were found to have very different effects on the electrophysiological properties of the channel. A1924T was found to cause a rightward shift of the steady-state availability curve at basal calcium levels (Fig. 3a) , recapitulating the V 1/2 observed for calcium-loaded wild-type channel (6) . In contrast, the IQ͞AA mutation caused a leftward shift in the availability curve (Fig. 3b) , in a manner similar to that observed for the ''4X'' EF-hand-knockout mutation (6) . In both cases mutant channels failed to exhibit the significant calcium-dependent shift in steady-state availability observed in wild-type hH1 (6) .
The calcium affinity (K d ) of hH1-CTD153-A1924T is 18 Ϯ 5 M (Fig. 3c) , not significantly different from that of wild-type CTD153. In contrast to A1924T, the calcium affinity of hH1-CTD153-IQAA was so weak (K d ϭ 4 Ϯ 2 mM) it had to be measured by NMR (Fig. 3d) . Remarkably, this 1,000-fold weaker binding is similar to that observed for the hH1-CTD93 construct lacking the entire G1866-S1925 region. Thus, the data for the binary CTD93͞IQ peptide system along with the CTD153-IQAA mutant are consistent in supporting a critical role for the IQ motif in tuning the calcium affinity of the intrinsic EF-hand sensor.
A third critical assay was performed to test the ability of the IQ mutants to bind CaM. By monitoring the intrinsic tyrosine fluorescence of CaM, the IQ-motif peptide was found to bind apoprotein (apo)-CaM with a K d of 0.16 Ϯ 0.04 M (Fig. 3e) and Ca 2ϩ -CaM with a K d of 2.0 Ϯ 0.3 M (Fig. 3f ) . The IQ͞AA peptide binds with only an Ϸ2-fold lower affinity than wild type to both apo-CaM (Fig. 3e, K 
This finding is consistent with recent x-ray crystal structures that showed virtually no structural perturbation caused by IQ͞AA mutation (19) , and qualitative gel filtration experiments, which revealed the IQ͞AA mutation reduces affinity for CaM (14) . In contrast to IQ͞AA, the A1924T IQ peptide binds Ϸ1 order of magnitude more weakly to both apo-CaM (Fig. 3e, K 
Thus, the affinity of CaM for the IQ-motif region was more severely affected by A1924T than by the direct IQ-knockout mutation. Remarkably, these effects are the exact reverse of the effects on Ca 2ϩ binding by hH1-CTD153, where the IQ knockout has a significant effect and A1924T has almost none ( Fig. 3 c and d) .
Reduction in the affinity of CaM for the hH1 IQ-motif peptide upon Ca 2ϩ binding is to our knowledge unique. To obtain further insights into the interaction, 15 N-1 H HSQC NMR spectra were acquired for the CaM-IQ peptide complex in the absence and presence of calcium ‡ ‡ . Differences in the NMR signals of the free protein and the IQ-peptide complex (Fig. 6 , which is published as supporting information on the PNAS web site) revealed that apo-CaM interacts with the IQ motif primarily via the CTD (C lobe), whereas Ca 2ϩ -loaded CaM uses both the N and C lobes (see also ref. 11). Consideration of binding theory indicates that this shift in mode of binding combined with overall drop in affinity results in the affinity of each lobe for the IQ motif being much weaker than that of the C lobe of apo-CaM. This analysis suggests that at high levels of calcium other sites in hH1 could conceivably compete with the IQ motif for one or both lobes of CaM.
Discussion
Significant evidence has been obtained that calcium regulates hH1 channel function via a mechanism that links the intrinsic and extrinsic calcium sensors through the IQ motif. Combining these results with all available data in the literature, a model for the mechanism of calcium-dependent regulation of hH1 can be proposed (Fig. 4) . As indicated by NMR and fluorescence titration data, at basal calcium levels CaM is bound via its C lobe with nM affinity to the hH1 IQ. An increase in calcium levels upon the generation of a calcium signal causes CaM to bind calcium and thereby undergo a significant conformational change that weakens and alters the CaM͞IQ interaction. The lower affinity enables one or both lobes of calcium-loaded CaM to dissociate and bind elsewhere, possibly to Ca 2ϩ ͞CaM-dependent protein kinase II (13) or another region of the ␣-subunit (14, 20) . In parallel, the partial or complete release of the IQ motif enables it to interact with the EF-hand domain, which correlates with increased calcium affinity and a concomitant calcium-dependent change in the conformation of the EF-hand domain. Thus, the equilibrium is driven toward IQ interaction with the EF-hand domain.
The electrophysiological effects of the IQ-motif mutations can be explained within the context of this model. The reduction in CaM affinity caused by the A1924T mutation results in constitutive interaction of the IQ motif with the EF hand and, therefore, constitutively high intrinsic calcium affinity. This constitutive interaction results in the right shift of the steadystate availability curve relative to wild type, similar to what is found at high calcium levels. Loss of calcium dependence of channel gating is presumably caused by a shift in the EF-hand domain so that it remains in a conformation similar to the Ca 2ϩ -activated state. The IQ-knockout mutation has the opposite effect of A1924T, in that it appears to shut off the intrinsic calcium sensor. This and other mutations that reduce calcium binding in the EF hand [e.g., the 4X EF-hand knockout mutation (6)] have deleterious effects on channel function. All calciumbinding mutations cause a left shift of the steady-state availability curve relative to wild type, similar to what is found at low calcium levels. The loss of calcium dependence of channel gating in this case is presumably caused by the inability of the hH1-CTD to occupy the structural state induced by the interaction of the EF-hand domain with the IQ motif and Ca 2ϩ .
The sequestration of the IQ motif by CaM, and the subsequent partial or complete dissociation of CaM upon calcium loading, is central to the model presented. There is significant evidence supporting the idea that Ca 2ϩ -CaM dissociates from the hH1 IQ motif during a calcium signaling event. For example, it has been demonstrated that the addition of Ca 2ϩ -CaM inhibitory peptide Ca 2ϩ ͞CaM-dependent protein kinase II-290-309 does not affect calcium-dependent changes in steady-state availability (6) . Because blocking Ca 2ϩ -CaM with the peptide has no effect on steady-state availability, the implication is that the EF hand mediates at least this aspect of calcium responsiveness. If this is the case, it is likely either that the binding mode of Ca 2ϩ -CaM to the IQ is permissive of IQ͞EF-hand interactions or Ca 2ϩ -CaM is recruited elsewhere.
Interestingly, evidence has recently accumulated that Ca 2ϩ -CaM may indeed be recruited to another site in hH1 (14, 20) . Indeed, a number of potential CaM-binding sites in hH1 are suggested by the CaM target database (21) . One of the indicated sites, 1510 IPRPLNKYQGFIFDIVTKQAF 1530 , although scoring only two of nine, is located at the C-terminal end of the cytoplasmic loop between the third and fourth transmembrane domains of the channel (III-IV linker) and extends partially into the predicted transmembrane helix. The interaction of CaM with a III-IV linker peptide containing part of the predicted CaMbinding site was examined by NMR, revealing an interaction in the presence of calcium (Fig. 3g) , but no binding to apo-CaM (Fig. 7 , which is published as supporting information on the PNAS web site) or hH1-CTD93 (data not shown). These observations are consistent with recent reports of interactions between CaM and the III-IV linker (14, 20) and reinforce our model (Fig. 4) . Interestingly, the introduction of certain mutations in the III-IV linker prevents channels from inactivating after being gated open by a voltage pulse (22, 23) . Thus, the III-IV linker is viewed as the fast inactivation particle, blocking the flow of ions in the inactivation state. These findings are provocative; it is clear that more work is needed to explore the role of calcium, the EF-hand domain, and CaM in this context, including a demonstration of the physiological effects of the CaM͞III-IV interaction.
The model proposed here suggests a number of avenues for the exploration of the mechanism of calcium-dependent regulation of inactivation gating of hH1. Both the EF-hand and IQ motif are strongly conserved across the human sodium channel † † Signal assignments for apo-CaM were obtained from A. Bax (National Institutes of Health, Bethesda), and signal assignments for Ca 2ϩ -CaM were from BioMagResBank (www.bmrb.wisc.edu, accession no. 1632). family, which suggests an important functional role for these regions. The fact that these elements are located in the C terminus of hH1 is of importance because known mutations associated with various proarrhythmic disorders occur here: D1790G and E1784K, both within the intrinsic calcium sensor, are associated with the long-QT phenotype; 1795insD, also within the intrinsic calcium sensor, is associated with phenotypes of both long-QT and Brugada syndrome; and A1924T in the IQ motif is associated with Brugada syndrome. Further structural characterization of the hH1 C terminus and its interactions with intrinsic and extrinsic factors will inform the overall mechanism of channel inactivation and aid in understanding the causes of aberrant behavior in these arrhythmogenic disease states. These advances may in turn provide new therapeutic strategies for the treatment of arrhythmias and arrythmogenic disease states.
Materials and Methods
Subcloning and Mutagenesis. hH1-CTD93, hH1-CTD120, and hH1-CTD148 constructs were subcloned into the NdeI͞XhoI site of pSV271, designed to express proteins without any tags. The 29-residue IQ-motif peptide ( 1897 RRKHEEVSAM-VIQRAFRRHL-LQRSLKHAS 1925 ) was subcloned into the BamHI͞EcoRI site of pSV278 by using a primer that introduced the octapeptide LEVLFQGP at the N terminus, which is the consensus cleavage sequence of rhinovirus 3C. pSV278 expresses proteins with an N-terminal maltose binding protein fusion tag and a His-6 tag. The entire hH1 III-IV linker based on secondary structure prediction and previous studies (24) , 1471 DNFN-QQKKKL-GGQDIFMTEE-QKKYYNA MKK-LGSKKPQ-KPI-PRPLNKYQGF-IFD 1523 and hH1-CTD93 were subcloned into the NdeI͞BamHI site of pET15b, which expresses proteins with an N-terminal His-6 tag cleavable by thrombin. Sitedirected mutagenesis (Quikchange, Stratagene) was used to generate the D1790G, F1791A, M1793G, E1799A, IG͞AA, and A1924T mutants. The pSV71-based hH1-CTD153 was generated by using insertion mutagenesis with pSV271-hH1-CTD148 as a template.
Protein Production. Untagged and tagged hH1-CTD proteins, maltose binding protein-IQ peptide fusion proteins, and the III-IV linker peptide were overexpressed in Escherichia coli host BL21 (DE3) cells (Novagen). Unlabeled protein was prepared by growing cells in LB medium at 37°C. Uniform 15 N-labeling for NMR was achieved by growth in M9 minimal medium containing 15 NH 4 Cl as the sole nitrogen source.
His-tagged proteins, including maltose binding protein (MBP)-fused IQ peptides, the III-IV linker, and pET15b-hH1-CTD93 (wild type and mutants) were purified by Ni-NTA affinity chromatography (Qiagen, Valencia, CA). hH1-CTD93 was then further purified by anion exchange chromatography. MBP-fused IQ peptide was dialyzed against 50 mM Tris, 150 mM NaCl, and 2 mM DTT, pH 7.5 to ensure strongly reducing conditions. The fusion protein was then cleaved by using rhinovirus 3C protease, leaving GlyPro at the N terminus for a total peptide length of 31 residues. After cleavage the reaction mixture was adjusted to 0.1% trifluoroacetic acid for RP-HPLC (C18) purification. The presence of peptide was verified by MALDI-TOF MS, and the purity was assessed by SDS͞PAGE. The purified peptide was lyophilized and stored at Ϫ30°C for subsequent use.
Soluble untagged hH1-CTD constructs from pSV271 were purified in three steps by phenyl Sepharose (Amersham Pharmacia Biosciences), anion exchange (Q Sepharose; Amersham Pharmacia Biosciences), and gel filtration chromatography. Fractions analyzed by SDS͞PAGE were judged to be Ͼ95% pure; if not, a polishing step using a monodispersed anion exchange medium such as MonoQ (Amersham Pharmacia Biosciences) was performed.
Insoluble untagged hH1-CTD constructs from pSV271 were purified by first isolating the inclusion bodies following standard procedures. The pellet was thoroughly solubilized in 5 ml of 6 M guanidine hydrochloride, then rapidly diluted to 50 ml with 20 mM Tris, 5 mM ␤-mercaptoethanol (BME), and 20 mM CaCl 2 . This procedure removed a significant fraction of contaminants by precipitation. Final polishing used anion exchange chromatography (MonoQ, SourceQ; Amersham Pharmacia Biosciences).
Human CaM was expressed as described (25) from a bacterial expression vector kindly provided by Eva Thulin (University of Lund, Lund, Sweden).
Sample Preparation. hH1-CTD samples were decalcified by trichloroacetic acid (TCA) precipitation in three rounds following the protocol of Haiech and colleagues (26) . After TCA precipitation, protein solutions were adjusted to reduce the quantity of Tris in the buffer and to add BME.
Decalcified hH1-CTD samples were used directly for calcium titration experiments or were exchanged into the following buffers: calcium-loaded, 20 mM Tris͞5 mM BME͞20 mM CaCl 2 , pH 7.5; Apo, 20 mM Tris͞5 mM BME͞2 mM BAPTA, pH 7.5; EGTA, 20 mM Tris͞5 mM BME͞2 mM EGTA, pH 7.5; and Mg 2ϩ , 20 mM Tris͞5 mM BME͞20 mM MgCl 2 , pH 7.5. Atomic absorption was used to measure residual calcium in protein decalcified by BAPTA (Galbraith Laboratories, Knoxville, TN). This analysis showed that calcium was reduced to below the detection limit by exchange into BAPTA.
CaM and the III-IV linker peptide were exchanged into (apo) 20 mM bis-Tris, 100 mM KCl, 1 mM DTT, 2 mM EGTA, pH 6.5 or (Ca 2ϩ -loaded) 20 mM bis-Tris, 100 mM KCl, 1 mM DTT, 20 mM CaCl 2 , pH 6.5. The CaM concentration was determined by A 276 , using an extinction coefficient ϭ 3,006 M Ϫ1 ⅐cm Ϫ1 . Expanded methods for construct generation, protein purification, and sample preparation are in Supporting Text, which is published as supporting information on the PNAS web site.
Intrinsic Fluorescence. Steady-state fluorescence emission spectra were recorded at ambient temperature with a SPEX FLUORO-MAX spectrofluorometer (Horiba Jobin Yvon, Edison, NJ). For calcium-affinity measurements, a 3.2-ml quartz cuvette was prepared by soaking in EDTA, EGTA, or BAPTA solutions, followed by thorough rinsing with Chelex-100-treated H 2 O. CaM-IQ affinity measurements were conducted in 1.0-ml quartz cuvettes presoaked and rinsed in the appropriate apo-or Ca 2ϩ -containing buffer.
For hH1-CTD148 calcium-affinity measurements, scanning was done from 320 to 380 nm ( excit ϭ 295 nm) with slit-widths set to 5 nm. Calcium-free protein in a buffer containing 20 mM Tris and 5 mM BME at pH 7.5 was used for titrations performed by adding small aliquots of calcium. Binding constants and best-fit curves were obtained by fitting to a standard binding equation with CALIGATOR 1.05 (27) For hH1-CTD153 calcium-affinity measurements, constant wavelength analysis was used to measure calcium-binding affinities, monitoring tryptophan fluorescence at 345 nm with excitation at 280 and 295 nm. Constant wavelength analysis was also used to measure CaM affinity for IQ peptides, monitoring tyrosine fluorescence at 320 nm with excitation at 277 nm.
NMR. Gradient enhanced 15 N-1 H HSQC NMR spectra were recorded at 27°C on AVANCE Bruker spectrometers operating at 500 and 600 MHz and equipped with CryoProbes. Acquisition parameters were generally 4, 8, 16, or 32 scans in the direct dimension, with 64 or 128 complex points total in the indirect dimension. The sweep width was 15 ppm in the 1 H and 35 ppm in
